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SOLUBILITY AND DIFFUSION STUDIES OF ULTRA 
PURE TRANSITION ELEIiENTS AND COMPOUNDS IN ULTRA PURE 
ALKALI METALS 
By RD L. McKisson and R. L. Eichelberger 
I. INTRODUCTION 
The purposes of this study are: 1) to define the solution pro- 
cess and determine the equilibrium solubility of highly purified 
transition metals and selected compounds in highly purified liquid 
alkali metals, and 2 )  to measure the diffusion of transition metals 
and constituents of selected compounds in highly purified liquid alkali 
metals. The material combinations which are to be considered for both 
the solution and diffusion studies are: iron, niobium, tantalum, 
molybdenum, tungsten, zirconium, rhenium, vanadium, hafnium, beryllium 
oxide, niobium monoxide, tantalum monoxide, zirconium dioxide, zir- 
conium carbide, vanadium monoxide, oxygen-saturated zirconium, and 
oxygen-saturated hafnium with liquid potassium, and niobium and beryllium 
oxide with liquid lithium. Specific combinations from the above list 
will be selected, and it is expected that some combinations will not 
be investigated. 
The studies to be made include the measurement of solubility in 
the alkali metal at temperatures up to 12OO0C, coupled with the in- 
vestigation of the rate-controlling step and its energy of activation; 
and the measurement of the liquid state diffusion rate and its energy 
of activation, also to 120O0CD 
It is the goal of this study to develop solubility and diffusion 
data for well-characterized experimental systems, in which the number 
and range of complicating variables are minimized, in the hope that 
such data will not only further the understanding of these processes 
in alkali metal systems, but will also be of use in the materials 
selection and design of space electrical power system components. 
. -2- 
11. S m Y  
The potassium p u r i f i c a t i o n  uni t  has  been completed and can be 
operated with ease. However, t h e  first ba tch  of d i s t i l l e d  potassium 
product analyzed showed a too-high oxygen l e v e l  f o r  use i n  t h e  solu-  
b i l i t y  t e s t s .  
Modif icat ions of t he  manipulators have been made t o  permit a 
g r e a t e r  range of adjustment on the  vacuum s e a l s  on t h e  b a l l  and on 
the  s l i d i n g  j o i n t .  These modifications permit the  compensation f o r  
wear o r  flowing of t he  t e f l o n  s e a l  i n  the  b a l l  j o i n t ,  and o f  the  
double O-ring s e a l  on the  sha f t .  With these  changes, sampling and 
handl ing of t he  potassium can be performed i n  a vacuum which remains 
below 1 ~ 1 0 - ~  Torr. 
s a t i s f a c t o r y ,  and q u i t e  unsa t i s f ac to ry  a t  1 ~ 1 0 - ~  Torr. 
-6 Sampling in the low 10 Torr range i s  marginally 
S ing le  c r y s t a l  r e f r a c t o r y  metal c r u c i b l e s  a r e  not y e t  zva i lab le .  
The con t r ac to r  who is  preparing the c r u c i b l e s  by electrochemical ly  
machining them from s i n g l e  c r y s t a l  s tock  has  experienced severe d i f f i -  
c u l t i e s  i n  adapt ing h i s  process  (which i s  s a t i s f a c t o r y  f o r  po ly-crys ta l )  
t o  s i n g l e  c r y s t a l  mdter ia ls .  
The only s a t i s f a c t o r y  suppl ie r  f o r  1/2" diameter s i n g l e  c r y s t a l s  
of r e f r a c t o r y  metals i s  MZC. Metals Research, Ltd .  has  not y e t  de- 
l i v e r e d  a usable  1/2" diameter s ing le  c r y s t a l  of Nb o r  Mo. 
Analy t ica l  methods have now been v e r i f i e d  i n  t h e  1-10 ppm range 
f o r  a l l  of t he  s o l u t e  ma te r i a l s  i n  potassium. A s a t i s f a c t o r y  w e t  
chemical a n a l y s i s  f o r  s i l i c o n  h a s  not been found. For t he  present  
s i l i c o n  w i l l  be determined spectroscopical ly .  
. 
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111. TECHNICAL PROGRAM 
Environment a1 Test System 
The assembly of the potassium purification unit was completed 
early in July. Following the assembly, several batches of potassium 
were used in a rinsing operation so that all of the internal surfaces 
of the components were brought into contact with either liquid 
potassium or potassium vapor. 
The freeze-seals which are used as on-off valves between the 
components are found to perform very well, and the movement of 
potassium through the 1/4" O.D. lines is very easily regulated. 
general, the transfer of the metal is readily accomplished using 
rather small helium pressure differentials. Normally, the one and a 
half psi differential between 26" Hg vacuum and 29'' Hg vacuum is 
In 
auc:yuabc .-..,-+* to F U O Y ~  the I i q a i d  pot~ssiiiiti. An ~ p e r a t l i i g  probliem W ~ S  -w- 
covered in that it was difficult to determine when the proper amount 
of potassium had been transferred into the filter pot from the supply 
tank. In the original design, three thermocouples of varying length 
extended into the chamber. The level of the potassium was to have 
been detected by sensing the temperature changes occurring as the 
thermocouples became immersed in the rising potassium. 
it was easy to detect the presence of hot potassium at the lowest 
level, but the responses of the intermediate and upper level thermo- 
couples were not adequate to unambiguously indicate the presence of 
the potassium at these levels. Since these simple thermocouples have 
proven to be poor liquid level indicators, they were replaced by two 
thermocouple wells each of which contains a small heater and a thermo- 
couple. The thermocouple is spark-welded to the inner end of the well. 
When the heater is operating, and the well is not covered with potassium, 
the poor heat transfer characteristic6 of the well cause its temperature 
to rise 20-30°C above the temperature of the surroundings. Then, as 
the potassium is transferred into the filter chamber and rises to 
In practice, 
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c o n t a c t  t h e  end of t he  w e l l ,  t h e  excess hea t  is  quickly t r a n s f e r r e d  
away, and the  thermocouple emf drops abrupt ly .  The modified u n i t  now 
opera t e s  very wel l  and g ives  the  required p o s i t i v e  response. 
In t h e  e a r l y  t e s t i n g  of t h e  u n i t ,  i t  w a s  convenient t o  view t h e  
i n s i d e  of t he  r e f l u x  con t ro l  condenser by looking through t h e  drop 
counter  window through the  condenser tube us ing  an opthalmoscope. I n  
t h i s  fash ion ,  condensing potassium could be observed i n  t h e  r e f l u x  
c o n t r o l  condenser and i t  w a s  determined t h a t  t h e  r a t e s  were i n  genera l  
agreement with o u r  expec ta t ions  from t h e  temperature- levels  (vapor 
pressure- leve ls )  i n  the  d i s t i l l a t i o n  column. However, when t h e  tern- 
p e r a t u r e s  and vapor p re s su res  were high enough t o  d e l i v e r  d i s t i l l a t e  
a t  t h e  des i r ed  r a t e ,  t he re  w a s  enough streaming of vapor along the 
condenser tube t o  slowly cloud and cover t h e  s i g h t  g lass .  Because of 
t h e  concern t h a t  t he  g l a s s  might i n t e r a c t  and become an oxygen source 
i n  our c o l l e c t e d  d i s t i l l a t e ,  a “ u f f i e  was i n s t a l l e d  t o  prevent l i n e -  
of -s ight  streaming. 
Af te r  t he  system w a s  r i n sed  out following these  modif icat ions,  a 
charge of about 200 grams of potassium was d i s t i l l e d  i n t o  t h e  extruder.  
The ex t rus ion  of t h e  potassium is r e a d i l y  accomplished us ing  75 foot-  
pounds of torque on t he  d r iv ing  screw when the  metal  is  a t  25OC, or 
using 40 foot-pounds of torque with the  potassium a t  55°C. 
metal i s  not  a cy l inde r  as w a s  des i red ,  but  tends  t o  c u r l  q u i t e  markedly. 
Fu r the r ,  t he  su r face  of t he  extruded potassium i s  very s t i c k y ,  and i t  
adheres q u i t e  t i g h t l y  t o  any s o l i d  su r face  s o  t h a t  t r a n s f e r r i n g  a 
s o l i d  sample i n t o  a v e s s e l  i s  a l m o s t  impossible. Because of t h i s ,  a 
s t a i n l e s s  s t e e l  t r a n s f e r  funnel has been prepared. The extruded 
potassium s l u g  w i l l  be placed in t h e  heated funnel  and t h e  potassium 
melted t o  run down t h e  de l ive ry  tube i n t o  t h e  s i n g l e  c r y s t a l  c ruc ib le .  
The funnel  w i l l  be cleaned between loadings,  un le s s  s eve ra l  samples 
a r e  des i r ed  i n  sequence. If t h i s  t r a n s f e r  technique proves satis- 
f ac to ry ,  t h e  s t a i n l e s s  s t e e l  funnel w i l l  be rep laced  by one made of 
a more i n e r t  ma te r i a l ,  such a s  Nb-1Zr.  
The extruded 
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During the  course of these operat ions,  i t  has  been found t h a t  
i n  t i m e  t he  manipulators develop leaks i n  t h e  b a l l  j o i n t s ,  and some- 
t imes i n  the  s l i d i n g  shaf t - sea l  as well. The problem with the  b a l l -  
j o i n t  appears t o  be t h a t  the  o r ig ina l  t e f l o n  chevron-type seal  does 
not have any provis ion  f o r  ad jus t ing  the  s e a l i n g  pressure.  A modi- 
f i c a t i o n  i n  the  s e a l  has  been made so t h a t  t he  clamping r i n g  can be 
used t o  a d j u s t  t h e  s e a l i n g  pressure.  A marked reduct ion of the l e a k  
r a t e  during movement of the  b a l l  h a s  been noted i n  the  two manipulators 
which have been modified. 
The sha f t - sea l  w a s  a l s o  modified so  t h a t  more pressure  can be 
appl ied  t o  t h e  double O-ring seal. 
mately 5 2ound fo rce  i s  appl ied by a sp r ing  t o  deform the  O-ring t o  
form t h e  sea l .  The sp r ings  a r e  too weak and do not continue t o  
maintain a t i g h t  s ea l .  The spr ings have been rep laced  by a s leeve  
which d i r e c t l y  compresses the O-rings. 
by using screws which can be t ightened as requi red  t o  e f f e c t  t he  
In t he  o r i g i n a l  design an approxi- 
Clanping pressure  is developed 
des i r ed  seal pressure.  The changes are shown i n  Figure 1. Re-work 
of the  remaining manipulators w i l l  be defer red  u n t i l  more opera t ing  
experience i s  obtained t o  ensure tha t  these  modif icat ions continue 
t o  be e f f e c t i v e  during long term use.  
With these  modif icat ions,  a potassium sample can be prepared and 
-6 
loaded i n t o  the  t r a n s f e r  ves se l  i n  a vacuum of <2x10 Torr. When 
t h i s  vacuum l e v e l  i s  maintained, the sample does not t a r n i s h  during 
the  handl ing procedure. However, i n  e a r l i e r  sampling a t tempts  i n  
which t h e  pressure  rose  t o  l ~ l O - ~  Torr, t he  potassium developed a 
pa le  b lue  t a r n i s h  whose i n t e n s i t y  was q u i t e  s e n s i t i v e  t o  pressure ,  
and a l s o  t o  the  time of exposure. 
F igure  2 shows t h e  sample cut-off opera t ion  us ing  t h e  tungsten 
w i r e  "cheese-cutter." Figure 3 shows t h e  sample i n  p o s i t i o n  above 
the  mouth of t h e  t r a n s f e r  vessel .  When the  tungsten wire i s  heated 
the  sample, f r e e  of any contaminants, drops i n t o  the  vessel .  The 
v e s s e l  i s  sea led  by s e a t i n g  the  tapered j o i n t  i n  the  cap t o  t h a t  on 
t he  vessel .  
t h e  chamber w a s  under an opera t ing  vacuum of 8 ~ 1 0 ' ~  Torr. 
Both photographs were taken through t h e  viewing p o r t  when 
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Mate r i a l  Procurement, Preparat ion,  and Charac te r iza t ion  
The s i n g l e  c r y s t a l  samples of molybdenum, tantalum, and niobium 
submitted t o  S i fco  Metachemical i n  Cleveland f o r  e lectrochemical  
machining i n t o  c r u c i b l e s  have not  y e t  been returned. Sifco i s  behind 
schedule on de l ive ry  because these s i n g l e  c r y s t a l  ma te r i a l s  behave 
much d i f f e r e n t l y  i n  t h e i r  electrochemical process  than does poly- 
c r y s t a l l i n e  s tock.  They a r e  car ry ing  ou t  a s e r i e s  of modif icat ions 
of t h e i r  process  i n  an attempt t o  develop a s a t i s f a c t o r y  method, and 
r e p o r t  i n  a telephone conversation t h a t  they be l i eve  t h a t  they a r e  
c l o s e  t o  a s o l u t i o n  of the problem. However, i f  the  d i f f i c u l t i e s  i n  
ob ta in ing  s a t i s f a c t o r y  s i n g l e  c r y s t a l  c r u c i b l e s  cannot be overcome 
i n  time for use i n  the  f i r s t  experiments, high p u r i t y  zone-refined 
p o l y c r y s t a l l i n e  sample c r u c i b l e s  w i l l  b e  used. 
. 
I n  June, t h r e e  molybdenum s ingle  c r y s t a l s  were received from 
Metals Research, Ltd .  Their s p e c i f i c a t i o n s  c a l l e d  f o r  an 0.45 inch  
minimum diameter,  but t h e  c r y s t a l s  were t y p i c a l l y  0.35-0.40 inches  
i n  diameter and not usable.  A telephone conversat ion with the  NR 
agent regarding these  undersize p z r t s  e l i c i t e d  the  comment t h a t  they 
observe a decrease i n  c r y s t a l  diameter each t i m e  they make a zone- 
r e f i n i u g  pass ,  but  t he  amount of diameter change is  very d i f f i c u l t  
t o  p r e d i c t  and cont ro l .  Two of these undersized c r y s t a l s  have been 
returned.  
Recently,  t h ree  add i t iona l  molybdenum s i n g l e  c r y s t a l s  were received 
from Metals Research, Ltd., but  they were q u i t e  i r r e g u l a r  i n  shape. 
The diameters  ranged from 0.50" t o  0.40" along t h e  three- inch length ,  
so t h a t  they a r e  not  usable. 
Two niobium s i n g l e  c r y s t a l s  were received from Metals Research, 
Ltd. Both were undersize,  even though the importance of e x t e r n a l  
s i z e  and s t r a i g h t n e s s  was previously emphasized t o  t h e i r  s a l e s  repre-  
s e n t a t i v e  i n  a telephone conversation. The c r y s t a l s  were returned.  
At presen t ,  t he re fo re ,  we have not received any usable  c r y s t a l s  from 
Metals Research, Ltd. 
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One 0.45" + diameter,  four  inch long molybdenum s i n g l e  c r y s t a l  
and one 1/2" diameter,  four  inch long zone re f ined  p o l y c r y s t a l l i n e  
i r o n  sample have been received from Mater ia l s  Research Corporation 
(MRC). Both samples a r e  usable. One inch w i l l  be removed from each 
f o r  use i n  making a spot-check of impurity l e v e l  of these  MRC materials. 
The technique f o r  e lec t ropol i sh ing  the  i n s i d e  of the i r o n  
c r u c i b l e s  was perfected.  
range of 20 t o  30 amps w a s  used. 
has  been t o  achieve a balance between e l e c t r o l y t e  flow and e l ec t rode  
s i z e  so  t h a t  t h e  e l ec t rode  does not shor t  out  t o  t h e  wall, and does 
maintain a non-polarizable character .  The a r e a s  of t he  pol ished 
c r u c i b l e s  were measured by the  DLC techxique using the  s tandard sample 
a r e a  c a l i b r a t i o n  of 10 
An applied vol tage  of 9 v o l t s  and a cu r ren t  
The p r i n c i p a l  problem i n  t h i s  s tudy 
f/sq cm and a r e  shown i n  Table 1. P 
Table 1 
DLC Measurement6 on I ron  Crucibles  
Sample 
1 
2 
Geometric 
Area 
cm2 
20.6 
19.2 
DLC 
'Area' 
cm2 
19.6 
20.8 
These da t a  i n d i c a t e  t h a t  f o r  the  e lec t ropol i shed  i r o n  c r u c i b l e s  
t he  r a t i o ,  DLC Area/Geometric Area, i s  1.0, wi th in  8%. This procedure 
i s  descr ibed by Argue, e t  a l ,  i n  "Double Layer Capacitance Measurements 
on I r o n  Crucibles  t o  Determine Surface Area," AI-TDR-64-229. 
Chemical Analysis 
The a n a l y t i c a l  chemistry support e f f o r t  r e q u i r e s  t he  determinat ion 
of t h e  s o l u t e  meta ls  in potassium a t  low l e v e l s  wi th  high p rec i s ion ,  
and t h e  v e r i f i c a t i o n  of p u r i t y  of t h e  so lven t  potassium and s o l u t e  
metals,  During t h i s  qua r t e r ,  t he  e f f o r t  has  been d i r ec t ed  toward the 
v e r i f i c a t i o n  of a d d i t i o n a l  a n a l y t i c a l  methods, the study of a n a l y t i c a l  
procedures f o r  s i l i c o n ,  the  ana lys i s  of tantalum c r u c i b l e  ma te r i a l ,  and 
t h e  ana lyses  of t h e  potassium product f o r  oxygen and sodium. The s t a t u s  
of t he  a n a l y t i c a l  support  program is shown i n  Tables 4, 5 ,  6, and 7 i n  
t h e  Appendix. 
-8 - 
Methods have now been verified in the 1-10 ppm range for all of 
the solute materials in potassium. 
determination of sodium in potassium by flame photometry has been 
demonstrated; 1-50 ppm of sodium in potassium can be determined with 
a precision of better than +0.2 ppm. The accuracy is dependent upon 
the sodium content of the "standard" potassium and the sodium content 
of water used as a solvent. 
Adequate sensitivity for the 
- 
Several approaches to the problem of determining silicon by wet 
chemistry techniques in niobium, tantalum, and molybdenum have been 
investigated. None of the state of the art methods tested to date 
provides adequate sensitivity or accuracy for the determination of 
silicon in the 420 ppm range in these metals. 
silicon will be determined spectroscopically. 
For the present, 
Methods for the determination of niobium and molybdenum in tan- 
talum have been verified and the two XRC tantalum samples on hand have 
been analyzed. A summary of the results for the analysis of tantalum 
is shown below. 
Table 2 
Analyses of Impurities in Single Crystal Tantalum 
Vendor's Typical Analysis 
Impurity PPm 
Iron < 10 
Molybdenum < 10 
Niobium .< 20 
Silicon not reported 
Chemical Analysis ( A I )  
Ta-1 Ta-2 
P P  PPm 
10 2 0.3 6.0 2 0.3 
7 2 0.5 10 2 0.5 
9.2 + 0.7 - 21 2 0.7 
Verification of Procedure 
in progress 
A number of familiarization analyses of oxygen in potassium were 
made using potassium collected during our purification unit clean-up 
processing. 
100 ppm, measured by the mercury amalgamation technique on liquid 
samples pipetted from beneath the surface of the metal. Analyses of 
This material showed oxygen contents ranging up to about 
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t h e  potassium product co l l ec t ed  i n  t he  ex t ruder  were a l s o  made. As 
is  noted above, severe  sampling d i f f i c u l t i e s  were encountered and some 
samples became contaminated during sampling and subsequent handling. 
Their  analyses  are, of course,  e r r a t i c  and of l i t t l e  consequence. The 
ana lyses  of t he  samples which showed no evidence of t a r n i s h i n g  are 
shown i n  Table 3,  toge ther  with the most r ecen t  s e t  of t h ree  oxygen 
ana lyses  of the  waste potassium, 
Table 3 
Determinations of Oxygen i n  Potassium 
Date of Analysis Oxygen Content (ppm) 
8,/24/64 (samples cut 
from waste K i n  
i n e r t  a t m .  box) 
9/17/64 
9/18/64 
9/29/64 
68 ,  78, 94 
The d i f f e r e n c e s  i n  oxygen l e v e l  between 9/17 and 9/29 cannot be ex- 
pla ined ,  bu t ,  i n  any event ,  the f i rs t  batch of c o l l e c t e d  potassium 
has  a too-high oxygen content f o r  use i n  t he  s o l u b i l i t y  tests. 
Accordingly, a second batch is being prepared. 
The product potassium has  been analyzed f o r  sodium w i t h  t he  
fol lowing r e s u l t :  
1) By spectrograph ( t h r e e  samples): < 5 ,  2, and 1 ppm Na 
2) By absorp t ion  spectrophotometry (two samples): 6.4 and 3.1 
ppm Na.  
The sodium a n a l y s i s  quoted by Mine Safe ty  Appliance Research Corp. f o r  
t h e  as-received potassium is 30 ppm Na, It i s  evident ,  t he re fo re ,  t h a t  
p u r i f i c a t i o n  with r e spec t  t o  sodium is  being achieved i n  t h e  p u r i f i c a -  
t i o n  process. 
-10- 
IV. NEXT REPORT PERIOD ACTIVITIES 
During the next quarter, the  major effort will be directed toward 
preparing potassium of adequately low oxygen content and toward carrying 
out experimental measurements on the polycrystalline iron samples; and 
on the single crystal niobium, molybdenum, and tantalum samples, or, 
if necessary, on high purity polycrystalline niobium, molybdenum, 
and tantalum samples. 
i 
\ 
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